A study of the kinetics of the reduction of neptunium(VI) by acetohydroxamic acid in perchloric acid perchloric acid media at 10 and 22°C were studied. The reaction rate was monitored using stopped-flow and standard infrared spectroscopy. Under conditions such that acetohydroxamic acid was in excess relative to Np, the reduction rate of NpO 2 2+ is described by the following: ⋅L⋅sec -1 at 10°C. However, when neptunium is in a significant molar excess relative to acetohydroxamic acid, the reduction mechanism is dictated by two distinct reactions. An initial and incomplete reduction occurs as the result of the oxidation of AHA, while a slower and partial reduction of NpO 2 2+ is likely caused by the oxidation products of AHA. The reaction rate of this first-order mechanism was calculated as 3.7x10 -4 sec -1 at 10°C and 0.001 sec -1 at 22°C.
Introduction
For several decades, spent nuclear fuel (SNF) from commercial power reactors has been reprocessed in order to recovery uranium and plutonium. The PUREX process is the most utilized method worldwide and uses a tri-n-butyl phosphate/kerosene organic phase to separate desired products from SNF dissolved in nitric acid. Although the United States does not currently recycle its commercial SNF, recent attention [1] has been given to advanced reprocessing schemes in order to effectively and economically separate uranium and technetium from plutonium, neptunium, other minor actinides, and fission products to reduce the heat load and minimize the amount of radioactive waste requiring longterm geologic storage. In order to meet these requirements, the UREX+ process scheme [2] has been developed by Argonne National Laboratory and other national laboratories under the Advance Fuel Cycle Initiative. Acetohydroxamic acid (AHA) has been proposed as a salt-free reagent to effectively separate neptunium and plutonium from uranium. It has been shown that hydroxamic acids can greatly reduce the extractability of neptunium and plutonium without affecting the extraction of uranium [3] by reducing hexavalent NpO 2 2+ and PuO 2 2+ [4] to their inextractable pentavalent oxidation states and forming inextractable complexes with Np 4+ [5] and Pu 4+ [6] . Unlike the reduction of NpO 2 2+ by Fe 2+ or U 4+ [7] , further reduction of NpO 2 + to Np 4+ by hydroxamic acids has not been observed [8] . This can [9] . A previous kinetics study [10] of the reduction of NpO 2 2+ to NpO 2 + by AHA in HNO 3 indicated that AHA reduces NpO 2 2+ much slower than formohydroxamic acid (FHA) [11] , despite the structural similarities of AHA and FHA. However, our preliminary results indicate that AHA is able to reduce NpO 2 2+ at a much higher rate than previously reported [10] . Therefore, an additional investigation was necessary to better understand the mechanism in which AHA reduces NpO 2 2+ and provide rate constants for the reduction of NpO 2 2+ by AHA in HClO 4 .
Experimental

Materials
All chemical reagents were of analytical grade and used without further purification. Acetohydroxamic acid (AHA, Toronto Research Chemicals) was kept in a freezer at -18 °C. In order to minimize the hydrolytic degradation of AHA, aqueous solutions were prepared shortly before experiments. The acidity of Np solutions was adjusted using stock solutions of perchloric acid prepared from concentrated HClO 4 (60% w/w, Mallinckrodt Baker, Inc.). The acid concentration in used for the Np solutions was determined by a pH-metric titration with standardized sodium hydroxide. Distilled, deionized water (Barnstead, 18 MΩ⋅cm resistivity) was used for all experiments.
In order to maintain a constant solution temperature during all experiments, an external water bath (Julabo CF31 Cryo-Compact Circulator) was used to control the desired temperature using an external probe connected to either the cuvette holder or the stopped-flow sample chamber. The water bath submerged drive syringes were filled with solutions for the stopped-flow experiments and given sufficient time to equilibrate to the appropriate temperature.
237 Np (t 1/2 = 2.1x10 6 y) was received as NpO 2 from Argonne National Laboratory and dissolved in a slight molar excess of hydrogen peroxide and 8 mol⋅L -1 nitric acid. Confirmation of the tetravalent oxidation state was determined using Vis-NIR spectroscopy. In order to remove any transuranic impurities, the Np solution was added to a prepared BioRad AG1 x10 1 cm anion exchange column. The column was rinsed with a solution of 8 mol⋅L -1 nitric acid, 0.3 mol⋅L -1 hydrazine monohydrate, and 2 g⋅L -1 hydroquinone. Np was stripped from the column using 0.36 mol⋅L -1 hydrochloric acid and its isotopic purity was confirmed using thin-window HPGe gamma spectroscopy. Any organic impurities were destroyed by concentrated nitric acid and hydrogen peroxide. The clean solution was evaporated to dryness, whereupon concentrated perchloric acid was added and fumed multiple times under an infrared heat lamp. Confirmation of the hexavalent oxidation state was determined by Vis-NIR spectroscopy. spectrum containing 1 mol⋅L -1 HClO 4 was collected and, when necessary, baseline corrections were determined from the absorbance at 950nm. For the 10°C experiments, a stable baseline was difficult to obtain due to water condensation formation on the exterior of the glass sample chamber. To alleviate this problem, the sample chamber enclosure was continuously purged with nitrogen gas during all experiments at 10°C.
The initial concentrations of each species for the experiments are listed in Table 1 . Each experiment was performed six times. The first two experiments were necessary to remove any air bubbles in the system and the subsequent four experiments were used for analysis. Using optical gratings with 600 lines/mm and a blaze wavelength of 1000 nm, the OLIS RSM spectrometer is capable of capturing 1000 scans per second over a wavelength range of approximately 200nm with a resolution of 0.7nm and a response delay of 4ms. The rapid scanning and short response delay of this system was essential to monitor the rapid increase in the NpO 2 + absorption peak, as most reactions were complete within seconds of initial contact between neptunium and AHA. The measured data were evaluated using both the 4 th order Rung-Kutta Numerical Integrator, as described earlier [14] , and equation (2) figure 1 .
Colston et al. [11] observed a pseudo 2 nd order reaction for the reduction of NpO 2 2+ by formohydroxamic acid at a constant and excess concentration of nitric acid. We determined that the reaction is first order with respect to AHA (figure 2). The initial rate constants were determined from the slope of the [NpO 2 + ] as a function of time for the first 10 msec of the reaction. The plot of the initial rate constants as a function of [AHA] o gives a slope of 1.19 ± 20%. Chung and Lee [10] determined that the reaction is also first order with respect to NpO 2 2+ . Applying this to AHA, for a constant H + concentration, we obtain:
where
γ . According to Colston [11] , equation (2) can be used to determine the rate constant of the reaction, as a plot of the left hand side of the equation as a function of time should give a straight line with the slope of the equal to the rate constant, k'. 
This equation assumes a one to one stoichiometric ratio between NpO 2 2+ and AHA. While we found this to be true for experiments where AHA was in excess, it was not the case for experiments with an excess of NpO 2 2+ . It should be noted that the initial pentavalent neptunium concentration ([NpO 2 + ] o ) was included in equation (2) . As stated by both this work and [11] , the initial neptunium solution was not entirely NpO 2 2+ , but contained a small percentage of NpO 2 + . Since the only variable on the left hand side of equation (2) . We processed the data by both equation (2) and the RK4 method. Rate constants from both methods are listed in table 2. Although the values from both methods were similar, we concluded that the results from the RK4 data analysis are more reliable. Using equation (2) for calculating the rate constant of the reaction is highly dependent on the chosen time interval. This is caused by the fact that the vast majority of NpO 2 2+ is reduced in the presence of an excess of AHA within a few seconds. Near the completion of the reduction of NpO 2 2+ , the absorption of NpO 2 + approaches equilibrium and while the signal remains relatively stable and behaves asymptotically towards a peak maximum, there is a small fluctuation in the absorbance. The magnitude of this fluctuation is exacerbated when the neptunium concentrations are calculated from the absorption values and inputted into equation (2) . Conversely, the RK4 method is able to accurately process the absorbance values from the entire length of reaction and is independent of the time interval chosen for determining the rate constant. Also, the RK4 method is able to determine the stoichiometry and reaction order with respect to each species. Second order rate constants calculated using equation (2) ⋅L⋅sec -1 at 25°C as determined by Chung and Lee [10] . Contrary to their data, in which approxiately 2 data points per second were collected, our data are collected with a frequency of 1000 data per second, and we can observe the near-immediate growth of the NpO 2 + absorption peak. As shown in figure 1 , the reaction is nearly complete within one second. 2+ was observed within seconds of initial mixing between Np and AHA. This is not surprising, however, as hydroxamic acids are known to undergo a two-electron oxidation process [15] . The results for the 4:1 and 8:1 ratio greatly differ from the 1:1 and 2:1 experiments.
The growth of the NpO 2 + absorption peak, caused by the reduction of NpO 2
2+
, is initially rapid and over 50% of NpO 2 2+ is reduced. However, the reaction then proceeds to equilibrium at a much slower rate. See figure 3 for the reduction of NpO 2 2+ at an 8:1 ratio at 10 and 22°C. This differs greatly from the SF experiments, where [AHA] o was in molar excess relative to [NpO 2 2+ ] o and the reduction is complete within seconds (figure 1). It is assumed that AHA is immediately consumed by the reduction of NpO 2 2+ to NpO 2 + and that the oxidation products of AHA are responsible for the slow reduction of the additional NpO 2 2+ that remained the cuvette, as described below. Analyses of the Np(V) concentration as a function of time plots for experiments where AHA was in significant excess indicate that the reaction rate of the initial rapid reaction is first order with respect to Np(VI) -the decrease of Np(VI) could be described by a pseudo-first order process. Therefore, it can be expected that the overall reduction reaction in the rapid phase must consist of two consecutive steps. The first step (reduction of the first Np(VI) by AHA) would be the slower rate determining step and the second step is a much more rapid reduction of another Np(VI) by a very reactive singleelectron oxidation product of AHA. Nonetheless, conclusive evidence of the mechanism cannot be determined from the measured experimental data because the instantaneous concentration of AHA cannot be monitored directly and simultaneously by UV-VIS spectroscopy.
Complete reduction was observed within 2 hours at 22°C and 3 hours at 10°C. The subscript f is used to designate the concentration of the species of interest at the completion of the reaction (when no change in absorbance is observed). Additional reduction to Np 4+ was not observed, even after several hours of contact time between the two phases. 
As an oxidation product of AHA, acetic acid could potentially cause the reduction of NpO 2
. Patil et al [17] found that acetic acid in HClO 4 can slightly reduce NpO 2 2+ , whereas Choppin, et. al [18] NpO 2 2+ during a four hour time period. So although acetic acid is likely present in our reaction as a result of the oxidation of AHA, it is not responsible for the slow reduction of NpO 2 2+ observed following the consumption of AHA. Since Grossi [16] suggested that hydroxamic acids cleave at the C-N bond, we initially postulated that acetaldehyde could be responsible for the slow reduction of NpO 2 2+ . Kolarik and Schuler [19] [20] for a direct reduction by hydroxylamine (3.5 sec -1 ). It has been previously shown [21, 22] that hours are necessary to hydrolyze AHA in nitric and perchloric acid media. In these experiments where AHA is the limiting reagent, the initial and fast reduction of NpO 2 2+ ceases within seconds and is limited by the oxidation of AHA. Also, Therefore, we doubt that hydroxylamine is causing the observed slow reduction of NpO 2 2+ . The complete mechanism of the oxidation of hydroxamic acids and the reactivity of its oxidation products with actinides are not definitively known. Previous data report that various radicals form as the result of the oxidation of hydroxamic acids. Boyland and Nery [23] suggested that acyl (RCO ) and nitroxyl (HNO ) radicals are formed as a result of the oxidation of hydroxamic acids:
R-CO-NHOH → R-CO-NHO → R-CO + HNO (4)
Nitroxyl radicals can then dimerize to hyponitrous acid (H 2 N 2 O 2 ) [24] . Glennon et. al [15] determined that hydroxamic acids can act as a two electron reductant and they can undergo an irreversible electrochemical oxidation at a positive potential: [25] . Hyponitrous acid could be responsible for the additional reduction of NpO 2 2+ that was observed during the slow kinetic reactions, as NO/½H 2 N 2 O 2 has a standard reduction potential of 0.71 V [9] that is lower than the standard reduction potential of 1.24 V [9] of the Np(VI)/Np(V) couple.
In summary, the oxidation of hydroxamic acids is a complicated and not fully understood process. Reactive intermediates such as radicals are likely formed and may be responsible, in part, for the slow reduction of NpO 2 2+ that we observed when AHA is in a significant molar deficit compared to NpO 2 2+ . It is important to state that this mechanism was not determined experimentally by us but was postulated based on our results and previously published findings [15, [23] [24] [25] . Although this study describes the reduction of NpO 2 2+ by AHA in perchloric acid, further studies are necessary to fully understand the mechanism in which hydroxamic acids and their oxidation products reduce NpO 2 2+ .
Conclusion
Using a stopped-flow mixing apparatus and NIR spectroscopy, it was determined that the reduction of 2+ by the consumption of AHA. However, a slow reduction of NpO 2 2+ continues for hours until a final equilibrium is established. The exact reaction mechanism is unknown; however, it is likely that hyponitrous acid plays some role in the reduction of NpO 2 2+ .
